Abstract. Multidrug resistance (MDR) is a main clinical hurdle for chemotherapy of cancer, and overexpression of P-glycoprotein (P-gp) is a key factor. In the present study, a new co-delivery system for reversing MDR was designed and developed. The system was composed of curcumin (Cur) and piperine (Pip) encapsulated in solid lipid nanoparticles (SLNs) with tocopheryl polyethylene glycol succinate (TPGS) and Brij 78 [(Cur+Pip)-SLNs]. TPGS and Brij 78 could sensitize MDR tumors by inhibiting the P-gp drug efflux system. The combination of Cur and Pip, when administered in SLNs formulations, resulted in a significant enhancement in cytotoxicity and allowed efficient intracellular delivery of the drugs in drug-resistant A2780/Taxol cells. This dual inhibitory strategy may have significant potential in the clinical management of MDR in cancer.
Introduction
Multidrug resistance (MDR) is a major hurdle for successful chemotherapy, and accounts for failure in >90% of patients (1, 2) . The mechanisms of MDR have been well documented in the literature (1, 2) . Of all these mechanisms, overexpression of P-glycoprotein (P-gp), which is encoded by the MDR1 gene, is the most typical and commonly encountered theory. P-gp is an important transporter protein belonging to the adenosine triphosphate (ATP)-binding cassette (ABC) family of membrane transporters. Due to its participation in the efflux of numerous cytotoxic anticancer drugs from tumor cells, P-gp could directly influence the pharmacokinetics and pharmacodynamics of these drugs (3) . As a result, it has become a severe challenge to overcome P-gp-mediated drug resistance.
Curcumin (Cur), a hydrophobic polyphenol derived from the rhizome of the herb Curcuma longa, has a wide spectrum of biological and pharmacological activities. Cur has been shown to exhibit antioxidant, anti-inflammatory, antimicrobial and anticarcinogenic activities (4) . The anticancer properties of Cur have been primarily attributed by its ability to block the transcriptional factor nuclear factor (NF)-κB, which is a master regulator of inflammation, cell proliferation, apoptosis and resistance in cells (5) . NF-κB regulates the expression of genes involved in the suppression of the apoptotic response, and is responsible for tumor cell survival (6) . Additionally, Cur is also known to downregulate the intracellular levels of three major ABC drug transporters, P-gp, MDR-associated protein 1 (MRP1) and ABCG2, which are important in MDR (7) (8) (9) . In spite of these various promising therapeutic applications of Cur, its therapeutic efficacy is limited due to its markedly poor water solubility, and consequently, remarkably low systemic concentrations are achieved when Cur is consumed orally (4) . In addition, Cur suffers from chemical instability in the gastrointestinal tract (4) . Cur is also known to be photosensitive, thus requiring careful handling (4) . Cur is a substrate of P-gp, which implies that Cur can be pumped out of tumor cells by P-gp, leading to a reduction in drug accumulation in tumor cells (10) . In spite of numerous formulations challenges, several formulation strategies, including nanoparticles, liposomes, complexation with phospholipids and cyclodextrins, and solid dispersions, are being developed to improve Cur's bioavailability (11) (12) (13) .
Several absorption enhancers have also been used to improve Cur's bioavailability (14) . Piperine (Pip) has been reported to enhance the bioavailability of Cur both in preclinical studies and in studies on human volunteers (15) . Pip inhibits P-gp-mediated efflux in Caco-2 cells and CYP3A4-mediated drug metabolism (16) . Pip reduces the ATPase activity of P-gp at high concentrations, while stimulates it at low concentrations (17) . Pip can reverse MDR in short-and long-term treatments, and may improve the outcome of chemotherapy by inhibiting P-gp, MRP1 and breast cancer resistance protein effectively by downregulating the expression of these transporter genes (18) . A marketed product available in combination with Pip is BioPerine ® capsules (Sabinsa Corporation, East Windsor, NJ, USA). Despite its pharmacological activity and safety, this molecule still remains overlooked due to the lack of a suitable delivery system that can result in adequate therapeutic levels in vivo (14) .
Several non-ionic surfactants are able to reverse P-gp-mediated MDR. For example, Pluronic sensitizes MDR tumors by inhibiting the P-gp drug efflux system through ATP depletion (19, 20) . Tocopheryl polyethylene glycol succinate (TPGS), a water-soluble succinate ester of vitamin E, can inhibit P-gp-mediated drug efflux and increase the oral bioavailability of anticancer drugs (21) . Brij molecules have also shown efflux pump inhibitory activity. Dong et al prepared doxorubicin-and paclitaxel-loaded nanoparticles using Brij 78 as an emulsifying agent to overcome MDR by inhibiting P-gp and depleting ATP (22) . Our laboratory has previously identified the structures of Brij required for overcoming MDR, and observed that Brij 78 and Brij 97 could decrease intracellular ATP levels and inhibit the ATPase activity of P-gp in MDR cells (23) .
It was hypothesized that combining multiple strategies for overcoming drug resistance could improve the efficacy of antitumor drugs. The present study investigated a new co-delivery system of solid lipid nanoparticles (SLNs) with TPGS and Brij 78 to allow the anticancer drug Cur and the P-gp modulator Pip to overcome tumor drug resistance. (Cur+Pip)-SLNs were prepared by the emulsification evaporation-low temperature solidification method. In addition to formulation design and optimization, the physicochemical characterization, encapsulation efficiency (EE) and in vitro release behavior of (Cur+Pip)-SLNs were further investigated. In order to understand the efficacy of overcoming MDR in tumor cells, cytotoxicity assay and cell uptake experiments of (Cur+Pip)-SLNs were conducted on the paclitaxel-resistant human ovarian carcinoma cell line A2780/Taxol. (Cur+Pip)-SLNs were prepared by the emulsification evaporation-low temperature solidification method (24) . In brief, oleic acid, glycerol monostearate and lecithin were dissolved in ethyl acetate by ultrasonication at 50˚C as the oil phase, and then the drugs in ethanol were added into the oil phase to obtain the organic phase containing Cur and Pip. The aqueous phase was prepared by adding TPGS and Brij 78 to deionized water under stirring for 10 min at 40˚C. Subsequently, the organic and aqueous phases were heated individually to 50-55˚C for 2-4 min, and then the organic phase was injected into the aqueous phase. The suspension was magnetically stirred at 50˚C for 20 min to remove the organic solvent. Finally, the suspension was cooled in an ice bath to form (Cur+Pip)-SLNs. The Cur-SLNs and blank SLNs were prepared following the same procedure, with the exception of adding only Cur or neither drug, respectively. These formulations were stored in a refrigerator at 4˚C for further analysis. The drug content was determined by HPLC following the disruption of SLNs in acetonitrile.
Materials and methods

Chemicals
Characterization of (Cur+Pip)-SLNs. To measure the EE of Cur and Pip, (Cur+Pip)-SLNs and Cur-SLNs were analyzed in a Sephadex G-50 column. In total, 0.2 ml sample of (Cur+Pip)-SLNs was added to the column, and then eluted with deionized water. The unencapsulated Cur and Pip that remained in the gel were equilibrated with 30% ethanol. (Cur+Pip)-SLNs collected from the first 10 ml eluent were destroyed with the mobile phase by ultrasonication for ~10 min. Another 0.2 ml sample of (Cur+Pip)-SLNs was diluted with the same volume of mobile phase. The quantity of Cur and Pip loaded was determined by HPLC. EE was calculated according to the following formula: EE=(W i /W total )x100%, where W i is the determined quantity of Cur and Pip in the SLNs suspensions subsequent to passing over the Sephadex G-50 column, and W total is the determined quantity of Cur and Pip in the SLNs suspensions prior to passing over the Sephadex G-50 column.
The contents of Cur and Pip were determined by HPLC analysis in a system equipped with Millennium 32 software (Waters Corporation, Milford, MA, USA), a 486 Tunable UV/ Visible Absorbance Detector (Waters Corporation) and a 510 HPLC Pump (Waters Corporation). The drug was separated using a Diamonsil ® C18 column (200x4.6 mm, 5 µm; Dikma Technologies Inc., Beijing, China). A 50:35:15 v/v/v methanol:acetonitrile:deionized water mixture was used as a the mobile phase, at a flow rate of 1.0 ml/min and a temperature of 25˚C. The run time was 6 min for each sample. Detection was monitored at a wavelength of 425 and 343 nm for Cur and Pip, respectively.
The drug concentrations of Cur and Pip were calculated from calibration curves. The assay was linear over the tested concentration range of 0.5-20 µg/ml (r=0.9998) for Cur and 0.2-10 µg/ml (r=0.9998) for Pip. There was no interference from the excipients of the drugs in the assay. The lower limit of quantification was 0.025 and 0.030 µg/ml for Cur and Pip, respectively, which could be measured with acceptable accuracy and precision. The inter-and intra-day variance of the method was within the acceptable range of <2%.
Particle size, polydispersity index and zeta potential of (Cur+Pip)-SLNs were measured by dynamic light scattering using a Nano ZS90 Zetasizer (Malvern Instruments Inc, Westborough, MA, USA). The samples were prepared by diluting the (Cur+Pip)-SLN suspension with deionized water, and the data were obtained from the average of three measurements. The average was calculated by dividing the total value by the number of samples. The size and morphology of (Cur+Pip)-SLNs were observed using transmission electron microscopy (TEM) (H-7650; Hitachi, Ltd., Tokyo, Japan). For TEM analysis, a drop of (Cur+Pip)-SLNs suspension was placed into a copper grid, air-dried and stained by adding a drop of 1% uranyl acetate solution for contrast enhancement. The grid was kept at room temperature to ensure dryness and then observed under TEM.
The release rate of Cur and Pip from the SLNs in vitro was measured by dialyzing against release medium (PBS pH 7.4 or 5.5 containing 25% v/v ethanol). In total, 1 ml drug-loaded SLNs was placed into a dialysis tube (molecular weight cut-off, 14,000 kDa; Viskase Co., Osceola, AR, USA), and the end sealed of the dialysis tube was immersed fully in 200 ml release medium in a beaker. The beakers were placed in an incubator at 37±0.5˚C and agitated horizontally at a speed of 90 rpm. At the designated time intervals, 1 ml release medium was withdrawn and replaced with an equal volume of fresh release medium to maintain the sink conditions. In in vitro release experiments, the solubility of a drug is >5-fold larger than the release of drug concentration, which is regarded as reaching the sink conditions. The solution was transferred into an HPLC vial upon filtering through a 0.45-µm syringe filter. The analysis procedure was similar to that conducted for the determination of the EE percentage. The release rate was calculated with the formula: Release rate=(W i /W total )x100%, where W i is the determined quantity of Cur and Pip in the release medium at the designated time point, and W total is the total quantity of Cur and Pip in an equivalent volume of SLN suspension prior to the release experiment. All the samples were carefully protected from the light during the experiment. All the release experiments were repeated in triplicate.
Cell cultures. The paclitaxel-resistant human ovarian carcinoma cell line A2780/Taxol was kindly provided by Department of Gynecology and Obstetrics, The First Affiliated Hospital of Harbin Medical University (Harbin, China). A2780/Taxol cells were grown using 75-cm 3 flasks in a humidified 5% CO 2 /95% atmosphere in an incubator at 37˚C in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin. Cells grown to confluence were subcultured every other day upon trypsinization with 0.25% trypsin-EDTA.
Cytotoxicity assay in A2780/Taxol cells. The in vitro antitumor activity of drug-loaded SLNs, free drugs and excipients was determined by MTT assay as follows: Briefly, A2780/Taxol cells in logarithmic growth phase were seeded in 96-well plates at a density of 5,000 cells/well. Following attachment overnight, the culture medium in each well was carefully replaced with 100 µl fresh medium containing treatments. The treatments included (Cur+Pip)-SLNs, Cur-SLNs, free Cur solution, free Pip solution, combination of Cur and Pip solution, TPGS, Brij 78 and blank SLNs.
After incubation for 24 h, the medium was removed and the cells were washed with PBS. Then, the viability of the cells was determined by MTT assay. For that purpose, 50 µl 5 mg/ml MTT dissolved in PBS was added to each well. The plates were incubated for an additional 4 h at 37˚C, and then the medium was discarded. Thereafter, 100 µl dimethyl sulfoxide was added to each well to dissolve the formazan crystals. The absorbance of each well was assessed on a microplate reader at a wavelength of 490 nm. The spectrophotometer was calibrated to an absorbance value of 0 using culture medium without cells, and cells containing culture medium without nanoparticles or drugs were treated as controls. The relative cell viability was calculated by (A) test /(A) control , where (A) test and (A) control were the average absorbance of the test and control samples, respectively.
Rh efflux assay.
The accumulation of Rh 123 in A2780/Taxol cells was first detected by confocal laser scanning microscopy (CLSM). A2780/Taxol cells were seeded onto round glass coverslips in 6-well plates for 24 h. Once the medium had been removed, the cells were treated with (Cur+Pip)-SLNs, Cur-SLNs, free Cur solution, free Pip solution, Cur+Pip solution, TPGS, Brij 78 and blank SLNs separately for 4 h at 37˚C and 5% CO 2 . Then, Rh 123 (5 µg/ml) was added, and the cells were incubated for an additional 1 h. Following this incubation period, the cells were collected and washed twice with ice-cold PBS buffer (pH 7.4). Coverslips were placed onto glass microscope slides and inspected by CLSM (BX40; Olympus Corporation, Tokyo, Japan).
Statistical analysis. The mean and standard deviation (SD) were determined for each treatment group. Statistical analysis was performed using a Student's t-test and Microsoft Office 2013 software (Microsoft Corporation, Redmond, WA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results and Discussion
EE of (Cur+Pip)-SLNs.
Compared with polymeric nanoparticles, SLNs attracted more attention recently, since SLNs could not only avoid the disadvantages of other colloidal carriers, but also have excellent inherent properties, including controlled drug release and drug targeting, high drug load capacity, increased physical stability and low toxicity (24) . Therefore, the development of (Cur+Pip)-SLNs should be a worthwhile and promising strategy. In the present study, (Cur+Pip)-SLNs were prepared by the emulsification evaporation-low temperature solidification method. The average EE values of Cur and Pip were 87.4±0.6 and 14.7±0.2%, respectively, with a drug load of 19.56±0.18 µg/mg for Cur and 3.26±0.05 µg/mg for Pip. The EE and drug load of three batches of (Cur+Pip)-SLNs had no significant difference, with a relative SD of 0.6% for Cur and 0.2% for Pip, which demonstrated that the preparation process was reproducible and stable.
Zeta potential and particle size. The zeta potential, particle size and size distribution of (Cur+Pip)-SLNs were characterized with a Nano ZS90 Zetasizer. Zeta potential is an important parameter used to predict the physical stability of nanoparticles. A high zeta potential value indicates increased stability of the system, since it could provide a repelling force between the nanoparticles (25) . As shown in Fig. 1A , (Cur+Pip)-SLNs had a relatively high negative zeta potential of ~20 mV. (Cur+Pip)-SLNs exhibited a mean particle diameter of ~130.8 nm, with a unimodal size distribution and a polydispersity index of 0.152 (Fig. 1B) . The polydispersity index is an parameter used to represent the distribution of nanoparticles, and indicates a low aggregation of particles when its value is <0.5 (26) .
Compared to free Pip solution ( Fig. 2A, middle) or free Cur solution ( Fig. 2A, right) , (Cur+Pip)-SLNs ( Fig. 2A, left) could be dispersed homogeneously into water without apparent drug sediments. In addition, a smooth sphere morphology and uniform size distribution of (Cur+Pip)-SLNs were observed by TEM (Fig. 2B) .
In vitro drug release studies. Fig. 3 represents the in vitro cumulative release profiles of Cur and Pip from (Cur+Pip)-SLNs in PBS. PBS (pH 5.5) was used in the present study to simulate the internal environment of tumor cells, since the pH in tumors is lower than that in normal tissue (27) . PBS (pH 7.4) was selected to simulate the environment of blood (27) . Due to the poor water solubility of Cur and Pip, it is difficult to maintain a good sink condition when carrying out the in vitro release experiments. In the present study, 25% v/v ethanol was added to the release medium to maintain sink conditions, in which the solubility of Cur and Pip was 0.265 and 0.195 mg/ml, respectively. Approximately 71.5% of Cur was released at 96 h, and ~89% of Pip was released in 24 h in PBS pH 7.4. In addition, these profiles exhibited a burst release of ~36% during the first 2 h of release, which probably is due to the non-encapsulation of the drugs. In addition, the drug cumulative release percentage displayed a slight pH dependence. For instance, the Cur cumulative release percentage at 96 h was 71.5% at pH 7.4, while it was 83.7% at pH 5.5, which indicated that the SLNs released drug more rapidly in the acidic environment of pH 5.5 than in a pH 7.4 environment.
Cytotoxicity assay in A2780/Taxol cells. Firstly, the cytotoxicity/cell viability effect of Pip was investigated in A2780/Taxol cells. When treated with Pip at concentrations of 1-50 µM, the cytotoxicity on A2780/Taxol cells was negligible (Fig. 4) . Since the half maximal inhibitory concentration of Pip (318 µM) in A2780/Taxol cells did not change significantly following the addition of verapamil [an inhibitor of P-gp (28)], it was confirmed that Pip was not the substrate of P-gp. Singh et al had studied the cytotoxicity of Pip in the MCF-7 (a breast cancer cell line) and MDCK cell lines (28) . Their results revealed that Pip did not exert any undesirable effect at concentrations ≤100 µM. (10 and 50 µM, respectively) , the inhibition rate of the cells was 59.90±8.40%, which was significantly higher than that observed with Cur (25.85±5.74%) and Pip (6.87±4.52%) treatment alone (Fig. 4) . These results indicate that Pip, an inhibitor of P-gp, can enhance the anti-proliferative effect of Cur, which is a substrate of P-gp (10) .
TPGS and Brij 78 can inhibit P-gp, thus sensitizing MDR cells (23) . In the present study, the effect of SLNs with TPGS and Brij 78 on sensitizing MDR cells was investigated in A2780/Taxol cells. As shown in Fig. 5 , cell inhibition following treatment with Cur-SLNs or (Cur+Pip)-SLNs was higher than that observed following treatment with free Cur or Cur-Pip solutions (P<0.01). By contrast, blank SLNs, free Brij or TPGS did not apparently inhibit cell growth. It was demonstrated that SLNs with TPGS and Brij 78 could sensitize MDR cells (21) . SLNs serve as potential anticancer drug delivery nanocarriers, since they exhibit great superiority to modulate drug release, improve anticancer activity and overcome MDR. SLNs have also been shown to increase the cellular accumulation of drugs, since they could decrease the resistance of P-gp-expressing cells.
When treated with (Cur+Pip)-SLNs, MDR cells exhibited the highest response to its cytotoxic action (P<0.01), which presumably resulted from the synergistic effect of Cur, Pip and Pip-mediated P-gp inhibition in A2780/Taxol cells, thus amplifying the Cur-induced cytotoxicity and overcoming MDR in tumor cells. The effect of Pip on increasing the intracellular Cur concentration was the key to the enhancement of the cytotoxicity in resistant cells.
P-gp serves a significant role in the bioavailability of several drugs, mainly cytotoxic hydrophobic and anticancerous drugs (2) . In the present study, although the drug load of Pip in (Cur+Pip)-SLNs (3.26±0.05 µg/mg) was not very high, the enhancement of cytotoxicity exerted by Cur was remarkable, since Pip is known to be a strong inhibitor of P-gp (28) .
Rh efflux assay. MDR is a major clinical problem that reduces the efficacy of a large number of chemotherapeutic agents. The most classical mechanism of MDR is the overexpression of P-gp, which can successfully pump out multiple antineoplastic agents from cells, thereby decreasing their intracellular accumulation and leading to drug resistance (2) . To investigate whether (Cur+Pip)-SLNs inhibit the function of P-gp, the intracellular accumulation of Rh 123, which is a substrate of P-gp, in the presence or absence of SLNs, was examined using A2780/Taxol cells. It was reported that P-gp function was significantly correlated with Rh 123 efflux, and that inhibition of P-gp could result in increased intracellular accumulation of Rh 123 (29) . Thus, Rh 123 could be a fluorescent dye used to monitor P-gp function (30) . As shown in (Fig. 6C) . It has been reported that Pip could be used for the design and development of safe non-toxic P-gp inhibitors, since the structural features of Pip could bind in the vicinity of the ATP binding site (28) . This suggests that Pip could be used for the development of the next generation of P-gp inhibitors. In addition, treatment with the surfactants TPGS and Brij 78 could also cause accumulation of Rh 123 ( Fig. 6D  and E) . Recently, surfactants such as TPGS have been noticed to modulate efflux pump activity (21, 31) . These surfactants are used as excipients in the preparation of nanoparticles, and are aimed at specifically targeting the therapeutic drug to tumors and overcoming MDR.
In the present study, A2780/Taxol cells treated with (Cur+Pip)-SLNs exhibited a higher uptake than those treated with free Cur, free Pip, excipients and control nanoparticles. The increased accumulation of Rh 123 within A2780/Taxol cells may be a result of decreased expression of P-gp or inhibited function of P-gp. In our previous studies (31, 32) , western blot analyses were performed to assess the effect of Brij 78 and TPGS on the protein expression levels of P-gp. Upon pretreatment with Brij 78 or TPGS, the expression level of P-gp protein was not significantly altered compared with that in control H460/TaxR cells. These results indicate that inhibiting the expression of P-gp is not involved in the reversal of P-gp MDR by Brij 78 or TPGS.
The present study suggests that there are at least two major reasons for the enhanced uptake of Rh 123 in P-gp-mediated resistant cells: i) Increased Rh 123 uptake by endocytosis of SLNs, which helps to partially bypass P-gp; and ii) decreased efflux of Rh 123 through inhibition of P-gp function caused by Pip, TPGS or Brij 78.
In conclusion, SLNs with TPGS and Brij 78 co-delivering Cur and Pip were designed and studied to overcome MDR in A2780/Taxol cells in the present study. (Cur+Pip)-SLNs were successfully prepared and optimized by the emulsification evaporation-low temperature solidification method. (Cur+Pip)-SLNs exhibited high cytotoxicity and allowed efficient intracellular drug delivery. TPGS and Brij 78 also serve an important role in the inhibition of P-gp. The combination of Cur and Pip, when administered in SLNs formulations, resulted in a significant enhancement in cytotoxicity in drug-resistant A2780/Taxol cells. This dual inhibitory strategy can have a significant potential in the clinical management of MDR in cancer. Future in vivo studies in human tumor xenograft models will further validate this hypothesis.
